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INTRODUCTION
Superficial cutaneous fungal infections, especially tinea, are very common in dermatological foot diseases, and cause skin conditions such as scales, keratosis, erosion, and itch; itching is reported by approximately 50% of patients with tinea pedis (Cohen et al., 2002; Djeridane et al., 2006) . Fungi proteinase has long been known to be pruritogenic in humans (Arthur and Shelley, 1955) . Dermatophyte infection leads to immediate and delayed-type hypersensitivities (Woodfolk, 2005) , which can cause pruritus. However, the details of the underlying mechanisms of dermatophytosis pruritus remain poorly understood. Dermatophytes secrete a variety of enzymes, such as proteases, lipases, elastases, collagenases, phosphatases, and esterases, which are important factors during the infection process (Peres et al., 2010) . Therefore, we first aimed to determine whether dermatophyte products, especially proteases, cause acute itching.
Proteases have long been known to cause itching in humans; moreover, endopeptidases rather than exopeptidases cause itching (Arthur and Shelley, 1955) .
Among the endopeptidases (proteinases), serine proteases may cause itching via proteinase-activated receptor (PAR), a family member of the G-protein-coupled receptors. The activation of PAR is initiated by the cleavage of the N-terminus of the receptor to generate a new tethered ligand terminus, which activates PAR itself (Macfarlane et al., 2001) . The PAR 1 , PAR 3 , and PAR 4 receptor subtypes are thrombin receptors, whereas PAR 2 is activated by trypsin-type serine proteases rather than by thrombin (Macfarlane et al., 2001) . Trypsin-type serine proteases and a synthetic PAR 2 tethered ligand cause itching and scratching in humans and animals (Shimada et al., JPET #195222
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MATERIALS AND METHODS
Animals
Male ICR mice (5-9 weeks old or neonatal) were used, except for one series of experiments in which male mast-cell deficient mice (WBB6F1 W/W v ) and the normal littermates (WBB6F1 +/+ ) were used at 8 weeks of age. All mice were purchased from Japan SLC (Shizuoka, Japan). The mice were housed in a room under controlled temperature (21-23°C), humidity (45-65%), and light (lights on from 07:00 to 19:00 h).
Food and water were made freely available. Procedures in the animal experiments were approved by the Committee for Animal Experiments at University of Toyama and were conducted in accordance with the guidelines of the Japanese Pharmacological Society.
Materials
Naloxone hydrochloride and naltrexone hydrochloride (both from Sigma, St. Louis, MO) were dissolved in physiological saline and injected subcutaneously 15 min before dermatophyte extract injection. Terfenadine (Sigma) was dissolved in 0.5% sodium carboxymethyl cellulose (Wako Pure Chemical Industries, Osaka, Japan) and administered orally 30 min before ADV extract injection. Nafamostat mesilate (Torii Pharmaceutical Co., Ltd., Tokyo, Japan) was dissolved in 5% glucose (Wako Pure Chemical Industries) and injected intravenously 5 min before ADV extract injection.
The peptides FSLLRY-NH 2 , SLIGRL-NH 2 , LRGILS-NH 2 , GRNNSKGRSLIGRLET-NH 2 , and GRNNSKGIILIGRLET-NH 2 were synthesized and identified using the peptide synthesizer PSSM-8 (Shimazu Co., Kyoto, Japan) and matrix-assisted laser desorption/ionization time-of-flight mass spectrometer Autoflex T1 JPET #195222 7 (Bruker Daltonics, Bullerica, MA, USA), respectively. FSLLRY-NH 2 was dissolved in physiological saline (Ohtsuka Pharmaceutical Co., Ltd., Tokushima, Japan) and injected intradermally together with ADV extract. N-p-Tosyl-Gly-Pro-Arg p-nitroanilide was purchased from Sigma, and tryptase and trypsin were from Wako Pure Chemical Industries.
Dermatophytes and extract preparation
The dermatophyte Arthroderma vanbreuseghemii (ADV, ID #58445) was obtained from the National BioResource Project (http://www.nbrp.jp/). It was sub-cultured on 2% agar (Wako Pure Chemical Industries) containing potato dextrose broth (Wako Pure Chemical Industries) at room temperature. A colony containing fungal spores was removed, added to Sabouraud dextrose liquid culture medium containing 2% dextrose (Wako Pure Chemical Industries) and 1% polypeptone (Wako Pure Chemical Industries), and incubated at 37°C for more than 3 days.
The colonies of ADV were repeatedly washed with physiological saline and centrifuged until the supernatant became transparent. The resultant pellet was suspended in physiological saline and subjected to repeated freeze-thaw cycles and sonication.
After centrifugation, the supernatant (ADV extract) was collected and concentrated using a centrifugal concentrator Vivaspin 20 with a molecular weight cutoff of 30 kDa (Vivascience AG, Hannover, Germany). The protein concentration was determined using a protein assay kit (Bio-Rad, Heracules, CA, USA). In a series of experiments, ADV extract that was heat-treated at 100°C for 1 h was used.
Behavioral experiments
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The day before the experiments were conducted, hair was removed from the rostral part of the back or the unilateral cheek of the mice using hair clippers. The animals were put individually in an acrylic cage composed of four cells (13 × 9 × 35 cm) for at least 1 h for acclimation. Intradermal injection was administered in a volume of 50 μ L to the rostral back and 20 μ L to the cheek. Immediately after intradermal injection, the animals were returned to the same cells and their behaviors were videotaped for 1 h; no personnel were present in the observation room during this time. Play-back of the video served for determination of hind-paw scratching of the rostral back or cheek and forelimb wiping of the cheek (Kuraishi et al., 1995; Shimada and LaMotte, 2008) .
When mice scratch, they stretch the hind paw toward the treated site, lean the head toward the hind paw, rapidly move the paw several times, and then lower it back to the floor; a series of these movements was counted as one bout of scratching (Andoh et al., 2004 ).
Determination of trypsin-like serine proteinase activity
N-p-Tosyl-Gly-Pro-Arg p-nitroanilide acetate (Sigma), a substrate for trypsin-like serine proteases, was dissolved in 50 mM Tris-HCl (pH 8.0) in a concentration of 0.5 mg·mL -1 .
A 0.02 mL volume of ADV extract or heat-treated ADV extract was added to 0.18 mL of the substrate solution, and the mixture was incubated at 37°C for 1 h. The amount of p-nitroanilide released was colorimetrically determined at 420 nm.
Activity of PAR 2 cleavage
Ten micrograms of GRNNSKGRSLIGRLET-NH 2 (an N-terminal peptide of PAR 2 containing a tethered ligand sequence SLIGRL) and its analog 
RESULTS
Behavioral effects of dermatophyte extract
Trichophyton mentagrophytes is a common dermatophyte isolated from humans (Seebacher et al., 2008) , and ADV, which belongs to the Trichophyton mentagrophytes complex, infects animals and humans (Drouot et al., 2009 ). Therefore, we examined the pruritogenic activity of an extract prepared from cultured ADV. When injected intradermally into the rostral back of mice, ADV extract elicited hind-paw scratching-an itch-related behavior-of the injection site at a dose of 20
; the effect peaked during the first 10-min period and almost subsided by 40 min (Fig. 1A ).
Scratching was dose-dependently increased in the range of 1-20 μ g of ADV extract per injection site; significant increase was observed at the dose of 20
Heat treatment of the ADV extract almost abolished its scratch-eliciting activity ( Fig.   1C ).
We also injected ADV extract into the murine cheek to test whether the extract is algogenic. Forelimb wiping-a nociceptive behavior-was slightly but significantly increased by ADV extract (20 μ g·site -1 ) compared with the vehicle, whereas hind-paw scratching was markedly increased in the same individuals (Fig. 2) ; the increases in scratching elicited from injection into the cheek were similar to those from injection into the rostral back (Figs. 1B and 2).
Effects of various agents on ADV extract-induced scratching
Subcutaneous pretreatment with the opioid receptor antagonist naloxone hydrochloride
(1 and 10 mg·kg ) inhibited ADV extract-induced scratching in a dose-dependent manner ( Fig. 3 ). Oral pretreatment with 30 mg·kg -1 of the H 1 histamine receptor antagonist terfenadine had no effect (Fig. 4A ). Intravenous pretreatment with the serine proteinase inhibitor nafamostat mesilate (1-10 mg·kg -1 ) inhibited ADV extract-induced scratching; significant inhibition was observed at a dose of 10 mg·kg -1 (Fig. 4B ).
Simultaneous local treatment with the PAR 2 receptor antagonist FSLLRY-NH 2 (10-100 mg·site -1 ) inhibited ADV extract-induced scratching, with a significant inhibition observed at a dose of 100 mg·site -1 (Fig. 4C ).
Effect of mast cell deficiency on ADV extract-induced scratching
An intradermal injection of ADV extract (20 W/W v and WBB6F1 +/+ mice, compared with negative control (50 nmol·site -1 of the reverse peptide LRGILS-NH 2 ); the extent of SLIGRL-NH 2 -induced scratching was similar in these mice (Fig. 6 ).
Trypsin-like serine proteinase activity of ADV extract
The ADV extract (0.5-100 μ g/mL) showed serine protease activity in a concentration-dependent manner (Fig. 7) . Heat treatment markedly decreased the proteinase activity of the ADV extract with traces of activity remaining (Fig. 7) .
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Cleavage of N-terminal peptide of PAR 2 receptor by ADV extract
Proteolytic cleavage within the extracellular N-terminus of PAR 2 receptor exposes a receptor-activating N-terminal sequence that serves as a tethered ligand for the receptor (Macfarlane et al., 2001) . A synthetic N-terminal peptide of PAR 2 receptor, GRNNSKGRSLIGRLET-NH 2 , was cleaved by the ADV extract as well as by tryptase and trypsin; thus, it disappeared from the reaction mixture after 1-h reaction (Fig. 8A ).
In contrast, tryptase did not cleave the analog peptide GRNNSKGIILIGRLET-NH 2 (Fig.   8B ). ADV extract decreased the analog peptide, but 63% remained after 1-h reaction
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DISCUSSION
Intradermal injections of ADV extract into the rostral back and cheek induced hind-paw scratching in mice, and its injection into the cheek elicited only slight wiping.
Intradermal injections of pruritogenic and algogenic substances (such as histamine and capsaicin, respectively) into the cheek have been shown to elicit hind-paw scratching and forelimb wiping, respectively, of the injection site in mice (Shimada and LaMotte, 2008) . Therefore, the present results suggest that the ADV extract is more pruritogenic and less algogenic.
Itch-related, but not pain-related, behaviors are suppressed by opioid receptor
antagonists (Akiyama et al., 2010; Gotoh et al., 2011) . Opioid receptor antagonists have been shown to inhibit the scratching induced by several pruritogens (Andoh et al., 1998; 2009; Yamaguchi et al., 1999) , dermatoses in rodents Ohtsuka et al., 2001; Yamaguchi et al., 2001) , and pruritus in humans with pruritic diseases (Bergasa et al., 1995; Monroe, 1989) . Opioid receptor antagonists exert antipruritic activity via the action on μ -opioid receptors in the central nervous system (Maekawa et al., 2002; Nojima et al., 2003) , especially in the lower brainstem (Kuraishi et al. 2008 ).
Thus, the result that the scratching induced by ADV extract injection into the rostral back was suppressed by opioid receptor antagonists supports the idea that ADV extract was primarily pruritogenic in the skin.
ADV extract-induced scratching was not inhibited by the H 1 histamine receptor antagonist terfenadine, even at a dose that almost completely inhibits both histamine-induced scratching (Ohtsuka et al., 2001 ) and immediate allergy-induced plasma extravasation (Andoh et al., 2010; Ohtsuka et al., 2001 ). In addition, ADV This article has not been copyedited and formatted. The final version may differ from this version.
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The ADV extract had serine protease activity and its scratch-inducing activity was suppressed by nafamostat mesilate, a serine protease inhibitor (Mori et al., 2003) . (Monod, 2008) . Although pruritogenic proteases have not been identified, one possible protease secreted by the dermatophytes is keratinase. Keratinase is a serine protease (Gradisar et al., 2000; Meevootisom and Niederpruem, 1979) , which is secreted from dermatophytes (Monod, 2008; Muhsin and Salih, 2001; Yu et al., 1969) , and catalyzes the degradation of the keratin present in the host tissue into oligopeptides (Peres et al., 2010) . In preliminary experiments, the ADV extract had keratinase activity, and an intradermal injection of keratinase purified from
Bacillus licheniformis induced scratching in mice (unpublished observation; Andoh, Takayama, and Kuraishi). Thus, dermatophyte keratinase may be pruritogenic, but we do not deny the possibility that the other dermatophyte proteases are also pruritogenic.
PAR 2 receptor is activated via the proteolytic cleavage of its N-terminal sequence by serine proteases (Macfarlane et al., 2001 ). In the present study, the ADV extract as PAR 2 receptors are also present in nerve fibers in the human skin (Steinhoff et al., 2003) . In rodents, PAR 2 receptors are expressed in neurons in the dorsal root ganglion, and some PAR 2 -positive neurons contain neuropeptides such as substance P and calcitonin gene-related peptide (Steinhoff et al., 2000) . It has been reported that intradermal trypsin-induced scratching is mediated by substance P release and mast cell degranulation, namely mediated by a neurogenic inflammatory mechanism, in mice (Costa et al., 2008) . However, in the present study, an intradermal injection of ADV extract increased scratching in both mast-cell deficient mice and normal littermates.
Thus excluding the contribution of mast cell in the response. In addition, an intradermal injection of PAR 2 receptor agonist peptide increased scratching in both mast-cell deficient mice and normal littermates; the extent of scratching was similar to that in ICR mice (Tsujii et al., 2008) . In preliminary experiments, the NK 1 tachykinin receptor antagonists spantide and FK888 did not inhibit ADV extract-induced scratching (data not shown). Thus, our data suggest that neurogenic inflammation does not play a key role in ADV extract-induced and PAR 2 -mediated scratching. It is conceivable that serine proteases from dermatophytes act directly on the pruriceptive primary afferents. In summary, our data suggest that serine proteases secreted by dermatophytes cause itching through activation of the PAR 2 receptors, which may be a causal mechanism of dermatophytosis itch.
